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A bal loon observat ion of t h e  x-ray spectrum from 37 t o  Kev 

over Minneapolis during the  J u l y  1961 s o l a r  event s e r i e s  has allowed 

an upper l i m i t  t o  be placed on the r a t i o  of pos i t rons  t o  e l ec t rons  

during a p rec ip i t a t ion ,  as w e l l  as on o the r  geophysical processes.  

The e l ec t rons  caused t h e  x-ray bursts ;  no l a r g e  f luxes  above cosmic- 

ray  produced background were obsei-ved above about 2.H) Kev. The excess 
+m 

f lux  a t  0.5 MeV, which would be caused by pos i t rons  a n n i h i l a t i n g  was 

0.051 * 0.043 photons/cm -see over a 68 minute i n t e r v a l  a t  2100 UT 2 

(1500 l o c a l )  on J u l y  13. No so la r  protons of energies  g r e a t e r  than 

air  cutoff  (80 Mev) were observed during t h e  f l i g h t .  

33 f 26 protons/cm*-sec i n  t h e  1-15 Mev range can be obtained from t h e  

A l i m i t  of 

0.5 Mev flux, which would be procuded v i a  nuclear  reac t ions .  

same i n t e r v a l ,  INJUN I observed a flux of 2 X 10 

During t h e  

3 2 protonslcm -see of 

1-15 Mev s o l a r  protons a t  1000 km only a few geomagnetic degrees f u r t h e r  

north.  The d i f f e r e n t i a l  e l ec t ron  spectrum producing t h e  x-rays was f i t t e d  

to a power law i n  energy wi th  an exponent of 5.4. The average r a t e  of 

e l e c t r o n  p r e c i p i t a t i o n  w a s  6.4 X 10 7 electrons/cm2-see 3 37 Kev, o r  

10 2 2.6 X 10 /cm over t h e  68 minute i n t e r v a l .  This  would deple te  t h e  o u t e r  

zone of e l ec t rons  i n  a few minutes, implying a s teady and e f f i c i e n t  

acce le ra t ion  mechanism. The l i m i t  on t h e  r a t i o  of p r e c i p i t a t i n g  pos i t rons  

t o  e l ec t rons  i s  (4 f 3) X lolo,  which is  a l s o  probably t y p i c a l  f o r  

e l ec t rons  i n  t h e  e a r t h  0, s mgnetosphere, and may even apply t o  t h e  

i n t e r p l a n e t a r y  medium and t h e  solar corona. The r a t i o  should be 

compared wi th  t h e  upper l i m i t  of 2.5 X 10’’ f o r  thermal  e l ec t rons  i n  

ou r  galaxy, obtained from t h e  l i m i t  of t h e  f l u x  a t  0.5 MeV i n  space. 
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In t roduct ion  

This  paper descr ibes  the  r e s u l t  of an experiment i n  which the 

11-ray spectrum t o  about TOO kev was observed at  ba l loon  a l t i t u d e s  

over Minneapolis during an x-ray event.  

the J u l y  1961 series of s o l a r - t e r r e s t r i a l  dis turbances,  has been 

The event,  assoc ia ted  wi th  

in t e rp re t ed  as an e l e c t r o n  p rec ip i t a t ion .  The r e s u l t i n g  x-ray spectrum 

a t  low energies  allows one t o  determine t h e  spectrum and number of 

stopping e l ec t rons .  

w a s  determined by observing the  F r a y  l i n e  a t  0.5 Mev. The posi t ron-  

A l i m i t  on t h e  number of stopping pos i t rons  

e l e c t r o n  r a t i o  can thus  be determined i n  t h i s  manner. The observat ion 

a l l o w s  a much lower  l i m i t  t o  be placed i n  t h i s  r a t i o  than  w a s  

previously ava i l ab le .  

Apparently, l i t t l e  a t t e n t i o n  has been previously given t o  t h e  

poss ib le  ex is tence  of na tu ra l ly  occurr ing pos i t rons  i n  t h e e a r t h ' s  

magnetosphere, although considerable e f f o r t  has been devoted t o  s tudying 

t h e  number and spec t r a  of e l ec t rons  t rapped i n  and p r e c i p i t a t i n g  from 

these  regions.  Indeed, i n  many analyses,  it has been t a c i t l y  assumed 

t h a t  t h e  pos i t ron  f lux can be neglected.  

generated by bremsstralhlunz from 100 kev e l ec t rons  stopping i n  the  

atmosphere o r  i n  an aluminum s a t e l l i t e  body isproduced wi th  an  

e f f i c i e n c y  on the order  of l om3  t o  loo4. A stopping posi t ron,  

however, produced ann ih i l a t ion  F r a y s  wi th  an e f f i c i e n c y  of two. The 

The x-ray flux, for example, 

f a c t  t h a t  one can ob ta in  reasonable auroral e l e c t r o n  f l u e s  by observing 

x-rays from bal loons [Winckler, et.al., 1.9623, and can ob ta in  
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information on the  outer  zone electrons v i a  t h e i r  r a d i a t i o n  

[Arnoldy, e t . a l . ,  19621, implies an upper l i m i t  on t h e  posi t ron-electron 

r a t i o  of about 10 . Direct measurement of t h e  pos i t rons  i n  the  

trapped r a d i a t i o n  has only recent ly  been attempted [T. L. Cline, 

p r i v a t e  comunica t ion l .  

-4 

The Experiment 

The schematic of t he  measurement i s  ind ica ted  i n  Figure 1. 

Electrons,  having energies  up t o  a few hundred kev, w i l l  s t o p  mainly 

by c o l l i s i o n s  i n  the  f i rs t  few t e n t h  gm/cm2 of atmosphere. 

x-ray flux w i l l  be generated and w i l l  penetrate  t o  bal loon depth. 

A pos i t ron  w i l l  behave s i m i l a r l y  u n t i l  it stops,  t h e n  it w i l l  annih i la te .  

The r e s u l t i n g  y-rays also a r e  counted on t h e  bal loon de tec tor ,  and 

t h e i r  s p e c t r a l  and time v a r i a t i o n s  observed. 

electromagnetic processes a r e  wel l  understood t h e  e l e c t r o n  and pos i t ron  

flux can be calculated.  

A weak 

Since t h e  fundamental 

The bal loon apparatus,  which has been descrlbcd previously 

[Peterson and Nitardy, 19621consists of a phoswich type s c i n t i l l a t o r  

counter. 

The o u t e r  p l a s t i c  s h i e l d  c r y s t a l  has about a 0.5 cm w a l l .  

d i f f e r e n t i a l  pulse-height spectrum i s  obtained w i t h  a 37 kev window 

whose b i a s  i s  scanned i n  16 nearly l i n e a r  s t eps  from 37 kev t o  670 

kev. Scaled 

down counting rates from t h e  window a r e  telemetered. I n  addi t ion,  

a Geiger counter [Masley, et.a1.,19621 i s  used t o  monitor t h e  charged 

p a r t i c l e  rate, and compare them w i t h  o t h e r  f l i g h t s  i n  t h e  s e r i e s .  

The inner  NaI(T1) c r y s t a l  i s  3/4" long and 1" diameter. 

The 

About f o u r  minutes a r e  required f o r  a complete scan. 
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The balloon f l i g h t  (Minnesota M-255 of t he  J u l y  1961 s e r i e s )  

w a s  launched a t  1900 UT on 13 J u l y  and provided d a t a  from about 

6 @/ern The r a t e  and a l t i t u d e  

h i s t o r y  of t h e  f l i g h t  i s  shown i n  Fig. 2. The x-ray in f lux  w a s  i n  

progress as the  balloon reached c e i l i n g  a t  2100 and decayed t h e r e a f t e r .  

Higher energy channels of t he  s c i n t i l l a t o r  were not s i g n i f i c a n t l y  

above cosmic-ray produced background a t  any time during t h e  f l i g h t ,  

while t he  r a t e s  a t  low energies var ied  i n  order  of magnitude. 

excess photon s p e c t m  i s  therefore  very s t e e p  compared t o  the  

background. The G-M counter r a t e s  agreed very we l l  with those 

expected from g a l a c t i c  cosmic rays and wi th  o ther  f l i g h t s  i n  t h e  

s e r i e s .  

balloon. 

2 u n t i l  ar"i;er 0500 UT on 1 4  Ju ly .  

The 

I ts  v a r i a t i o n s  a re  due t o  t h e  small depth changes of t h e  

Solar-TerrestZal R5lutions -- -- 
The J u l y  1961 s e r i e s  has been described i n  sone d e t a i l  by 

o t h e r  workers [Hofmann and Winckler, 1963; Pieper,  e t .  a l . ,  19621 

who have cor re la ted  bal loon and s a t e l l i t e  observations of e lec t rons  

and protons with so l a r ,  radio,  and geomagnetic e f f e c t s .  Class I11 

flares a t  1620 UT 11 J u l y  and 1000 UT J u l y  12 i n i t i a t e d  t h e  events 

which occurred during t h i s  balloon f l i g h t .  

s o l a r  cosmic-rays. 

- -  

Both these  f l a r e s  produced 

The first f l a r e  most l i k e l y  caused t h e  sudden 

commencement (S. C. ) magnetic storm and simultaneous Forbush decrease 

which s t a r t e d  a t  1112 UT on J u l y  13. 

caused the  magnetic storm of 0812 J u l y  14.  Later f l a r e s  produced 

t e r r e s t i a l  disturbances which extended near ly  to t he  end of Ju ly .  

The second f l a r e  probably 
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Sola r  cosmic rays from the J u l y  11 flare  were f i rs t  de tec ted  

over Kiruna, Sweden a t  about 1930 J u l y  11 [Hofmann and Winckler, 19621 

and over Fort Churchill ,  Canada, a t  2037. The f l u x  of protons g r e a t e r  

than  80-r/lev went through a maximm before 0000 UT J u l y  13, and was 

decreasing a t  t h e  time of t he  sudaen cormencement. During t h i s  per iod 

no e f f e c t s  were observed over Minneapolis s ince  t h e  norrnal geomagnetic 

cut-off of 400-Mev w a s  operating and the  s o l a r  proton spectrum 

apparent ly  d i d  not extend t o  t h i s  energy. Protons i n  t h e  1-15 Mev 

range were observed s t a r t i n g  from 1713 UT J u l y  12, and were a l s o  

de tec ted  by t h e i r  absorpt ion of cosmic noise  over College, Alaska. 

The absorpt ion reached a maximum a t  the t i m e  of sudden cormencement. 

These low energy protons a l s o  produced a weak f lux  of nuclear  

Y-rays which was de tec ted  over Fort Churchi l l  by t h e  Minnesota 

group [Hofmann and Winckler, 1962 I. 
The sudden commencement occurred a t  1112 UT 13  Ju ly ,  the  

equa to r i a l  f i e l d  w a s  observed t o  reverse  a’uout 1550, hence f l i g h t  M-255 

occurred w e l l  i n t o  t h e  main phase of t:,e storm, and during a per iod 

o r  considerable magnetic a c t i v i t y .  The ho r i zon ta l  f i e l d  component 

a t  Fredricksburg is  reproduced i n  Fig. 2. During t h i s  period 

t h e  INJUN sa te l l i t e  .observed l a r g e  fluxes of 1-15 Mev protons a t  

1000 km a t  equivalent  l a t i t u d e s  nea r ly  as f a r  south as Minneapolis. 

These fluxes reached a maximum early i n  t h e  main phase of the storm 

and were slowly decreasing at the t i m e  of t h e  f l i g h t  [Pieper, e t .  a l . ,  19623. 

A t  no t i m e  during the f l i g h t  M-254, which preceded M-255, and f l i g h t  

M-256, which overlapped and followed it, w a s  any excess r ad ia t ion  

observed with ion chambers and G.M. counters over Minneapolis. 

, 
I 

- -  



Indeed these  f l i gh%s  followed the  Forbush decrease.  The s e r i e s  of 

observations by the  Minnesota group a t  Minneapolis and Fort  Churchi l l  

i s  shown i n  Figure 3.. The r e l a t i v e l y  weak x-ray f lux  seen by t h e  

s c i n t i l l a t o r  on f l i g h t  M-255 could not have been de tec ted  wi th  t h e  

cosmic- ray i n s t r m e  n t  a t  ion. 

Balloon f l i g h t s  a t  Fort  Churchi l l  a l s o  ind ica ted  t h e  

decrease of t h e  s o l a r  protons a f t e r  t h e  sudden cormencement as measured 

by t h e i r  secondary nuclear  Y-rays, and i n  add i t ion  recorded l a rge  

and sporadic x-ray inf luxes  a t  the  t i m e  of t h e  sudden commencement 

and i n  t h e  very d is turbed  times following it. 

no simultaneous f l i g h t  a t  Fort  Churchi l l  coincident  wi th  the  i n i t i a l  

b u r s t  on M-255. The many f luc tua t ions  observed on a Churchi l l  f l i g h t  

a f t e r  2300 UT do not co r re l a t e  i n  d e t a i l  wi th  t h e  va r i a t ions  observed 

during t h e  Minneapolis f l i g h t .  The evidence i s  t h a t  e l ec t ron  prec ip i -  

t a t i o n s  may be of a r a t h e r  l o c a l  nature  [Winckler, e t .  a l . ,  19621. 

The p o s s i b i l i t y  of x-rays d i r e c t  from t h e  sun, r a t h e r  than  

Unfortunately, t h e r e  i s  

- -  

being l o c a l l y  produced, do not seem l i k e l y  even though t h e  f i rs t  

icflux occurred a t  1500 l o c a l  t ine .  There were no outs tanding coinci-  

dent v i s i b l e  o r  rad io  s o l a r  events [A. Maxwell, p r iva t e  cormunication; 

G. Moreton, p r iva t e  communication], f u r t h e r  s o l a r  x-ray events 

have thus far  been observed with a t i m e  scale of minutes r a t h e r  t han  

hours. Simultaneous observations a t  two la t i tudes  can ind ica t e  

a s o l a r  or ig in ,  however, there  w a s  no Churchi l l  f l i g h t  during t h e  

f i r s t  inf lux ,  and the one during t h e  second b u r s t  w a s  swamped by a 

much higher  and more e r r a t i c  f lux o r  au ro ra l  x-rays.  

having energy less than  t h e  a i r  cutoff  (80 Mev) above t h e  balloon, 

,/ 

/ 

Solar protons 
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but higher  than the  geomagnetic cutoff e x i s t i n g  a t  t h e  t ime can 

produce nuclear  y-rays. The s teep  photon spectrum however, i s  

c l e a r l y  incons is ten t  with these  Y-rays, which would have energies  up 

to about 8 Mev. 

time of t h e  f irst  inf lux ,  however no de tec tab le  absorpt ion was noted 

e a r l i e r  i n  the  day, o r  l a te r  on during the  f l i g h t .  

The riometer a t  Minneapolis w a s  inopera t ive  a t  t h e  

We then  continue under the  idea  t h a t  t he  s t e e p  excess photon 

f l u x  must be due i n  major p a r t  t o  r a d i a t i o n  from p r e c i p i t a t i n g  e l ec t rons  

navlng energies  up t o  seve ra l  hundred kev. 

have t h e i r  o r i g i n  i n  t h e  magnetosphere and may be e i t h e r  acce lera ted  

l o c a l l y  or dumped from t h e  trapped r ad ia t ion  zones by t h e  d is turbed  

f i e l d  [Winckler, e t .  al. ,  19621. No outstanding magnetic event 

co r re l a t e s  p rec i se ly  wi th  t h e  amping.  P e r i o d i c i t i e s  i n  t h e  rates, 

and o the r  f i n e  s t ruc tu res ,  sometimes observed, apparent ly  were not 

present  during t h i s  event.  The general  p r e c i p i t a t i o n  appears t o  be 

an in tense  vers ion  of c e r t a i n  x-ray events observed i n  t h e  auro ra l  

zone [ Anderson, 19601even when t h e  world-wide magnetic f i e l d  w a s  

r e l a t  i v e l y  undisturbed . 

The e l ec t rons  most l i k e l y  

- -  

The Photon Spectrum 

I n  order  t o  f ac i l i t a t e  analyses,  t h e  f l i g h t  a t  a l t i t u d e  has 

been broken i n t o  a number of per iods as indica ted  i n  Table I, and t h e  

rates have been averaged over t hese  in t e rva l s .  

of t h e  f l i g h t  are taken t o  be qu ie t  t i m e ,  and representa t ive  of t h e  

cosmic-ray produced background. Typical counting r a t e  spec t r a  are shown 

i n  Figure 4 f o r  t h e  qule t  t i m e  period, and f o r  t h e  f i r s t  inf lux .  

The las t  two hours 
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Quiet time r a t e s  a r e  compared with those obtained on a previous 

f l i g h t  with t h e  same d e t e c t o r  i n  Figure 4. 

of t he  data i n  the  higher energy channels has been improved by using 

r a t e s  f o r  t h e  e n t i r e  f l i g h t .  This procedure i s  v a l i d  s ince  no gross  

v a r i a t i o n s  were observed above about 380 kev, and r e s u l t s  i n  

s u f f i c i e n t  reso lu t ion  t o  ind ica te  t h e  presence of t h e  0.5 Mev Y-ray 

l i n e  produced by cosmic rays [Teterson, 19621. 

of t h e  spec t ra  i n  Figure 4 show t h e  quie t  time f luxes  t o  be t r u l y  

cosmic-ray produced background, and confirms t h e  v a l i d i t y  or" subt rac t ing  

these  r a t e s  from those obtained during inf luxes t o  obtain t h e  excess. 

The s t a t i s t i c a l  s ign i f icance  

The very near agreement 

A t  higher energies,  it was not always possible  t o  do a 

channel-by-channel reduction because t h e  scanning r a t e  and counting 

r a t e  were of t he  same order,  r e su l t i ng  i n  an occasional ambiguity 

i n  t h e  channel number f o r  a given group of counts. 

was designed for high counting r a t e s .  

a b e t t e r  measure of t n e  r a t e s  during a given period, a l l  t he  counts 

i n  channels 10-16 have been combined toge ther  f o r  t h e  various periods.  

These channels cover roughly 400 t o  670 kev, and include t h e  l i n e  

a t  0.5 Mev. Even then, t h e  excess rates obtained over a l l  t h e s e  

channels during t h e  most outstanding i n f l u x  is  s o  small a s  t o  be 

b a r e l y  s t a t i s t i c a l l y  s ign i f i can t .  

photons near 0.5 MeV. 

The instrument 

Therefore, i n  order  t o  obtain 

Obviously, t h e r e  were very few 

The excess counting rate is  shown i n  Figure 5 ,  f o r  t h e  

f i rs t  influx. 

t o  counting s t a t i s t i c s .  The shape of t h e  excess spectrum averaged 

over d i f f e r e n t  b u r s t s  w a s  similar; t h e  absolute  values d i f f e red ,  

The e r r o r s  are t h e  r e s u l t a n t  standard devia t ion  due 



. .  . .  . 
10. 

and t h e  s ign i l icance  of t h e  excess w a s  l e s s  a t  higher  energies  because 

of the lover  d i f f e r e n t i a l  counting r a t e s .  

der ived from t h e  i’irst in f lux  w i l l  be used i n  f u r t h e r  ana lys i s .  

The excess photon spectrum 

Under t h e  assumption t h a t  a l l  t he  excess x-rays a re  produced 

ex te rna l ly  o r  near zero depth, the  d i f f e r e n t i a l  spec tmq  a t  t h e  t o p  

of t h e  atmosphere may be found qui te  simply. 

de t ec to r  of omnidirectional geometry f a c t o r  G 

a iPTerent ia1 photon spectrum N(E)dZ produced i s o t r o p i c a l l y  a t  t h e  

The counting rate i n  a 

a t  a depth h due t o  a 
0 

t o p  of t h e  atmosphere i s :  

R(E,h) = -I’,(E)C(h,E)N(E)AE GO = F(E,h)TJ(E). 2 

One-half of t he  photons a re  assumed l o s t  upward, AE i s  the channel 

wid-ch, C(h,E)  i s  2 f a c t o r  which takes  i n t o  account t h e  absorpt ion i n  

t h e  atmosphere and i n  the  G-M counter, which w a s  loca ted  irrmediately 

above t h e  s c i n t i l l a a o r .  

i n t eg ra l ,  i s  der ived i n  t h e  appendix ail2 l i s t e c ,  Tor %be median energy 

of each channel i n  Table 11. EQficiencies ,  T/(E), are t&en from the  

vork  of Reynolds, e t . a l .  [19571. 

The f a c t o r  C(h ,E) ,  which involves t h e  Gold 

I n  Table I1 are also l i s t e d  t h e  uncorrected excess rates, t h e  

o the r  parameters involved i n  the  co r rec t ion  and t h e  r e s u l t a n t  photon 

spectrum a t  zero depth. 

Systematic e r ro r s ,  due t o  unce r t a in t i e s  i n  t h e  ca l ib ra t ion ,  e f f e c t i v e  

geometry fac tor ,  and neglect of mul t ip le  Compton s c a t t e r i n g  are 

probably small and have been neglected.  The very s t e e p  d i f f e r e n t i a l  

pho-con spectrum a t  t h e  top  of t h e  atmosphere i s  shown p l o t t e d  i n  

Figure 6. 

The e r r o r s  are due t o  t h e  counting s t a t i s t i c s .  
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Most l i k e l y ,  a l l  t he  excess counting rates i n  channels 10-16 , 
if indeed the re  were any, are due t o  the high energy t a i l  of  t h e  

photon spect,-um.. If however we assume t h a t  a l l  t hese  counts were due 

t o  photons a t  0.5 Mev, we may place a l i m i t  on t h e  excess flux 

t o  -”his l i n e .  

due 

AT 0.5 Mev, F(E) = 0.322, and t h e  upper l i m i t  becomes 

0.053 * .Oh1 photons/cm 2 -see.  The l i m i t  on t h e  number of excess 

posi t rons ann ih i l e t ing  l o c a l l y  i s  one-half of t h i s  number, which i s  

a r a t h e r  weak f lux .  

Indeed, one may a l s o  use the  small counting excess i n  channels 

near 0.5 Mev t o  put an upper l i m i t  on t h e  number of incident  s o l a r  

protons i n  t h e  1-15 Mev range stopping over Minneapolis. From t h e  

work of Hofmann an6 Kinckler [19631, 0.5 Mev Y-rays are produced 

by p,n) and p,pn) in te rac t ions  on hJ4 and 0 16 . These reac t ions  result  

ir i z w  nuclei ,  which i n  addi t ion t o  producing nuclear  Y-rays from 

t h e i r  exc i tcd  s t a t e s ,  a r e  posi t ron emitters i n  the  ground s ta te .  

U;?on stopping, t h e  posi t rons annih i la te .  Hofmann and Winckler quote 

about 4 .5  i 1 . 5  X 

range. 

of Y-rays a t  0.5 Mev per  stopping s o l a r  proton w i l l  be about 

Y-rays pe r  s’Lopping proton i n  the  1 . 5  t o  17 Mev 

O f  these  about 1/3 are due t o  pos i t rons .  Hence t h e  number 

1.5 * 0.5 x 10-3. 

If w e  assume a l l  the  excess counting rate i n , t h e  channels - 
near  0.5 Mev, 0.017 * 0.014 counts/sec, i s  due t o  ann ih i l a t ion  

Y-rays from low energy proton in te rac t ions ,  we may obta in  an  extreme 

upper l i m i t  on t h e i r  numbers. The maximum poss ib le  proton f lux  is 

33 5 27 pro-cons/cm 2 -see. Accord2ng t o  P ieper  e t . a l . ,  C19621, a t  only -- 
a few degrees of geonagnetic l a t i t u d e  fu r the r ,  and a d i f f e r e n t  longitude, 
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2 t h e  f l u x  a t  t h i s  time w a s  2 X 103/cm -see.  

t he re fo re  must have been extremely sharp. 

assume e f f e c t s  due t o  s o l a r  protons can be neglected.  

The magnetic cut-off  

We w i l l  henceforth 

Elec t ron  Spectrum and Pos i t ron  Ratio 

The d i f f e r e n t i a l  photon spectrum (F(E, Eo) produced 'oy 

an e l ec t ron  of i n i t i a l  energy E upon stoppi-ng i s  given by 
0 

j 0  

where o ( E I E )  i s  t h e  c ross  sec t ion  f o r  an e l ec t ron  of energy € t o  

r a d i a t e  a photon or" energy E within a range d.E i n  a l a y e r  dX th ick ,  

- " is t h e  t o t a l  rate of energy loss ( r a d i a t i o n  and c o l l i s i o n )  and ax 
R ( E o )  i s  t h e  range of t h e  electron.  

discussed by Anderson (1960) and by Kasper (1957) under s u i t a b l e  

The func t ion  C?(EIEO)dE has been 

approximations. The curves of Kasper are reproduced i n  Figure 7. Note 

t h a t  Cp vanishes as E approaches a0 because an e l ec t ron  cannot r ad ia t e  

a photon with more than  i t s  i n i t i a l  energy. 

I n  order  t o  unfold simply t h e  incident  e l e c t r o n  spectrum 

from t h e  photon spectrum produced a t  t he  t o p  of t h e  atmosphere, t he  

form of t h e  e l e c t r o n  spectrum has been assumed t o  be a power l a w ;  

K and Y then become adjustable  parameters. The d i f f e r e n t i a l  photon 

spectrum produced by these  e lec t rons  i s  then  . .  

nm 

L 

The coe f f i c i en t  K i s  calculated such t h a t  t h e  r e s idua l s  of a l e a s t  



scpare f'lt t o  the  da t a  a re  minimized, using Y as a parameter. It 

was thought thct  t h e  bes t  f i t  f o r  Y would be obtained when t h e  

res idua ls ,  p lo t t ed  as a funct ion of Y, were a l s o  a t  minimum. The 

r e s u l t s  of carrying out t h i s  procedure as shown i n  Figure 8 gave a 

sharp minimum a t  Y = 5.4. 

r e s u l t a n t  photon s p e c - ~ n m  does not T i t  t h e  da t a  t o o  wel l  a t  higher  

energy. Clearly, t h e  power l a w  does not represent  t h e  a c t u a l  e l ec t ron  

s;?ect-run: too  w e l l ,  an6 because of t h e  steepness OT t h e  photon 

s ; p e c t m  a l l  t h e  " f iLt ing"  i s  done t o  t h e  da ta  poin ts  a t  lowest 

enersy.  I n t u i t i v e l y ,  a b e t t e r  f i t  w a s  obtained using Y= 4.8, as can 

be seen i n  Figure 5; a t  Y = 4.0, t h e  nurnber.of low energy e l ec t rons  

i s  obviously too  high. The power l a w  d i f f e r e n t i a l  e l ec t ron  spectrum 

wi th  an exponent o f  5.4, then  f i t s  t h e  da t a  very well below about 

However, as can be seen i n  Figure 6, t h e  

200 kev; a t  higher energies  the  spectrum must not be as s teep .  

Because of t h e  divergence a t  low energies ,  t h e  spectrum 

xtxt eventual ly  f l a t t e n  out, and i n  order  t o  compute t h e  nurrber of 

stopping e lec t rons ,  an assumption must be made. Tne t o t a l  nLmber 

of e lec t rons  g r e a t e r  than 37 kev, IVT,obtained by in t eg ra t ing  

t h e  power l ~ w ,  i s  a l s o  shown p l o t t e d  i n  Figure 8 as a func t ion  of y. 

This cut-off was chosen because no information is  ava i l ab le  on 

e l ec t rons  of less energy. Fortunately,  t h e  most important physical  

quant i ty  for t h e  posi t ron-electron r a t i o ,  NT, var i e s  only slowly 

wi th  t h e  power l a w  exponent Y. F i t t i n g  with t h e  extreme values  of 

t h e  da t a  w a s  done to give a n  estimate or" t h e  e f f e c t  of s t a t i s t i c a l  

e r ro r s ;  although N and Y varied somewhat, IT 

Cutt ing of f  t h e  e l ec t ron  spectrum a t  400 and 600 kev had l i t t l e  effect 

only changed about 10%. T 
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on N 

e n t i a 1  spectrum, as w a s  done by Andersoc, which a l s o  seems t o  be a 

b e t t e r  empir ical  r e l a t i o n  f o r  s o l a r  protons,  was not t r i e d  f o r  th i s  

e l ec t ron  p rec ip i t a t ion .  

s ince  the re  are s o  few high energy e lec t rons .  Using an expon- T 

The s t e e p  spectrum of p rec ip i t a t ing  e lec t rons  i s  i n  good 

agreement wi th  t h a t  obtained previously by Anderson [1960] f o r  events  

i n  the  au ro ra l  zone. 

2n 1959 over College, Alaska and Fort Churchill .  There is  no 

a p r i o r i  reason t o  expect e l ec t ron  p rec ip i t a t ions  under widely 

d i f f e r e n t  conditions,  loca t ions ,  tiriles and morphology t o  be iden t i ca l ;  

t h e  f a c t  t h a t  they are similar ind ica t e s  t h e  processes are r e l a t e d  

and probably d i f f e r  only i n  d e t a i l .  

He obtained as exponents 5.0 t o  5.5 f o r  events  

- 

The pos i t ron-e lec t ron  r a t i o  may now be obtained, by assuming 

as w a s  done previously,  t h a t  a l l  t h e  excess counts i n  c’hannels 10-16 

were due t o  pos i t rons  annihilazing, and t h a t  t hese  pos i t rons  were 

p a r t  of t h e  general  p rec ip i t a t ion .  The pos i t ron  flux, averaged 

over t h e  f i r s t  in f lux  i s  0.026 * .020 ern see . The number of 

e l ec t rons  > 37 kev is  found from t h e  b e s t - f i t  e l e c t r o n  spec t r a  t o  

be 6.4 X lo7 ern -see averaged over t h e  same time i n t e r v a l .  Hence 

t h e  r a t i o  i s ( 4  k3) XIO-lo, nearly f i v e  orders  less than  previously 

infer red .  Most l i k e l y  a l l  the  excess counts above 380 kev were due 

t o  photons produced by t h e  high energy t a i l  of t h e  e l e c t r o n  d i s t r i b u -  

t i o n .  

producing de tec tab le  x-rays, would s t i l l  ann ih i l a t e  upon stopping. 

-2 -1 

-2  -1 

* 

Furthermore, posi t rons of energy less than  37 kev, while not 



Because of t h e  s teepness  of t h e  spectrum, t h e r e  a r e  probably many 

more undetected e lec t rons  stopping, than  de tec ted  ones. 

Hence t h e  r a t i o  obtained from t h e  measurenents, (4 5- 3 )  

mdst be regarded as an upper l i m i t  obtained under t h e  mos t  extreme 

as smpt ions ,  and i s  probably zero wi th in  experimental uncer ta in ty .  

?'he a c t u a l  pos i t ron-e lec t ron  r a t i o  may be seve ra l  orders of magnitude l e s s .  

Discussion 

7 -2 -1 The l a r g e  f l u x  o f  e lec t rons ,  6.4 X 10 em -see , averaged 

over t h e  68 minute i n t e r v a l  represents  a l o s s  from t h e  t rapped region 

of a t o t a l  of 2.6 X l o l o  electrons/cm2 having energies  above 37 kev. 

This i s  an order  of magnimde l a r g e r  than  t h e  d a i l y  average observed 

p r e c i p i t a t i n g  i n  t h e  au ro ra l  zone by Anderson Cl9601, who f i n d s  

weak x-ray f luxes  present  some 40% of t h e  time, even during magnetically 

quie t  i n t e r v a l s .  These observations a r e  undoubtedly r e l a t e d  t o  those 

of O'Brien C19621 on Injun I. 

cone a t  high l a t i t u d e s .  A s  noted by these  observers,  t h e  l a r g e  r a t e  

of p r e c i p i t a t i o n  i s  such t h a t  it would deple te  t h e  ou te r  zone 

i n  a few hours. Therefore, i n  order  t o  rnaintain t h e  p r e c i p i t a t i o n ,  

an i n j e c t i o n  o r  acce le ra t ion  mechanism is. required which i s  r a t h e r  

e f f i c i e n t .  The extreme extension of t hese  ideas  r e s u l t s  i n  t h e  

so-ca l led  "splash-catcher" model of t h e  ou te r  zone, due t o  O'Brien 

C19621. 

p r e c i p i t a t e  immediately, t he  acce le ra t ion  t ak ing  place i n  t h e  l o s s  cone. 

Only a few become trapped t o  form t h e  outer  zone as constructed from 

s a t e l l i z e  observations.  

H e  of-cen f inds  e l ec t rons  i n  t h e  loss 

This model requi res  t h a t  near ly  a l l  t h e  acce le ra t ed  e l ec t rons  
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Attempts t o  co r re l a t e  d i r e c t l y  t h e  x-ray measurements on 

f l i g h t  &I-255 with d i r e c t  e lectron *neasurernents on Injun I d id  not 

prove successful  becailse of t he  sporadic nature of t he  s a t e l l i t e  

observations [J. W. Freeman, pr ivz te  communication]. The condi t ions 

obtained during f l i g h t  M-255 at  Kinneapolis may be comparable w i t h  

those i n  the  aurora l  zone during q u i e t e r  times. 

t h e  g r e a t e r  violence of the  magnetic events,  and t h e  lowered cut-off  

f o r  s o l a r  protons on 13  July.  

This i s  because of 

Although it cannot be ruled out as a p o s s i b i l i t y ,  d i r e c t  

i n j e c t i o n  of energe t ic  e lec t rons  i n  t h e  e a r t h ' s  f i e l d  from t h e  

s o l a r  plasma associated with the J u l y  11 f l a r e  seems unl ike ly  

[Anderson, 19601. Even l e s s  l i k e l y  is  t h e  p o s s i b i l i t y  t h a t  t h e  

e lec t rons  were acce lera ted  i n  t h e  f l a r e  of J u l y  12, propagated with 

the  s o l a r  protons, and entered t h e  e a r t h ' s  f i e l d  during t h e  reduced 

magnetic cut-offs  following the sudden commescement e a r l y  on J u l y  13. 

It a l s o  seems d i f f i c u l t  t o  have thermal e lec t rons  i n  t h e  plasma 

from the  f l a r e  of J u l y  11 enter  t he  e a r t h ' s  magnetosphere, d i f f u s e  

t o  l i n e  of f o r c e  which connect w i t h  Minneapolis, and then  become 

accelerated.  If such were the case, of course t h e  p r e c i p i t a t i n g  

e lec t rons  would o r i g i n a l l y  have been s o l a r  e lec t rons ,  and t h e  posi t ron-  

e l e c t r o n  r a t i o  would be t y p i c a l  of s o l a r  e lec t rons .  

Most l i k e l y ,  however, t h e  e l e c t r o n s  observed during p r e c i p i t a t i o n s  

have t h e i r  o r i g i n  i n  t h e  e a r t h ' s  f i e l d ,  and have been acce lera ted  by 

some phenomena not ye t  w e l l  understood, but probably involving magnetic 

f luc tua t ions .  

would be p r e f e r e n t i a l l y  accelerated,  t h e  r a t i o  i s  then t y p i c a l  of 

Since it is  unl ike ly  t h a t  e i t h e r  pos i t rons  o r  e lec t rons  



.) 17. 

G l a s m a  i n  t he  xagnetosphere, as ire11 a s  t h e  energe t ic  trapped 

e lec t rons .  Posi t rons,  once they become embedded i n  t h e  magnetosphere, 

would have a reasonable l i f e t ime .  

Annihi la t ion of positrolrls has been discusseci by H e i t l e r  

[1957, p.2681. The cross-sect ion i s  s r a 1 1  for energe t ic  posi t rons,  

and diverges as t h e  ve loc i ty  vanishes. Accorjingly, it i s  nore 

appropriate  t o  d iscuss  t h e  l i f e t ime  of  slow pos i t rons ,  H e i t l e r  

f i nds  the  rec iproca l  of t he  l i f e t ime ,  7, t o  be 

where r i s  c l a s s i c a l  e lec t ron  radius ,  and t h e  pos i t rons  a r e  e 

a n n i h i l a t i n g  i n  matter whose densi ty  i s  N atoms/cm-' of charge Z. 

Tne l i f e t i n e  i s  condensed matter such as lead i s  about 10 

a t  balloon a l t i t u d e s  it i s  about l o m 5  seconds, a t  e k m  (lower 

- 10 seconds, 
/- 

magnetosphere) it is  about a week. 

where t h e  dens i ty  may be about 500 t h e  l i f e t i m e  becomes 10 

I n  the  in te rp lane tary  medium, 

4 

years. 

If then, by some mechanism, pos i t rons  a t  low energy were 

being i n j e c t e d  i n t o  the  magnetosphere, t h e y  could remain e s s e n t i a l l y  

s t o r e d u n t i l t h e y  became accelerated and appeared as energe t ic  

p r e c i p i t a t i n g  p a r t i c l e s .  The low pos i t ron-e lec t ron  r a t i o  of t h e s e  

p a r t i c l e s  puts  a l i m i t  on the rate of in jec t ion ,  dependent of 

course on the  model used. 

Although e t  seems uiiiikely, as previously discussed, t h e  

p o s s i b i l i t y  e x i s t s  that  the  observed p a r t i c l e s  had t h e i r  o r i g i n  
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i n  t h e  s o l a r  atmosphere; t h a t  i s ,  t h e  plasma e j ec t ed  i n  t h e  f l a r e  

of 3u ly  11 entered t'ne ear th 's  f i e l d  and eventua l ly  appeared as an 

e l ec t ron  p rec ip i t a t ion .  

posi t rons,  e i t h e r  thermal o r  energet ic ,  produced e i t h e r  i n  nuclear  

reac t ions  o r  o ther  processes at the t ine  of t h e  f lare .  The l l f e t i m e  

would be much longer  than  t h e  few days required Tor t h e  in t e rp l ane ta ry  

propagation. Under these  assumptions, t h e  measured l i m i t  of  t h e  

posi t ron-electron r a t i o  appl ies  a l s o  t o  t h e  s o l a r  chromosphere. 

This s o l a r  plasma could have trapped i n  it 

It i s  a l s o  poss ib le  t h a t  a r e a l  f l ux  of pos i t rons  could be 

in j ec t ed  d i r e c t l y  i n t o  t h e  e a r t h ' s  f i e l d  v i a  cosmic-ray produced 

secondaries.  An anti-neutron, f o r  example, would introduce posi t rons 

upoc decaying. Such p a r t i c l e s  oI" course would be produced only i n  

nuclear  encounters of extreme energy,and would tend  t o  be d i r ec t ed  

s t rong ly  downward i n t o  t h e  atmosphere. 

ann ih i l a t e  before thermalizing, s o  t h e  i n j e c t i o n  rate would be low. 

P o s i t i v e  albedo pions and muons a l s o  decay to posi t rons;  however, 

t h e i r  l i f e t ime  i s  so shor t  t h a t  f e w  would decay i n  t h e  t rapping  

region. Neutral  mesons a l s o  produce pos i t rons  copiously, [Peterson, 19621 

some of which, i f  e j ec t ed  upward, could suffer  a coulomb de f l ec t ion  

and become trapped. 

posi t rons,  which would have t o  become untrapped during t h e  e l ec t ron  

p r e c i p i t a t i o n  and e n t e r  t he  atmosphere along with t h e  aurora l - l ike  

e lec t rons .  

very small, it seem t h a t  a l i m i t  on t h e  cosmic-ray i n j e c t i o n  processes 

could be derived. 

Furthermore they  would 

All these  sources would produce energe t ic  

Since the number of such pos i t rons  was,  observed t o  be 

I 



It is  possible  t o  cora2are t h e  l i m i t  of' t h e  pos i t ron-e lec t ron  

r a t i o  implied Tor t h e  magnetosphere, and poss ib ly  t h e  s o l a r  chromo- 

sphere wi th  t h a t  of o the r  e x t r a t e r r e s t r i a l  matter.  Tne l i m i t  of' t h e  

flux a t  0.5 Mev incident  a t  zero des th  i s  a measure of t h e  slow 

pos i t ron  dens i ty  of a l l  ratter uo distar=ces a t  which t h e  r ed - sh i f t  

i s  s ign i f i can t .  Tne lowest f l m  l i m i t  i n  space a t  0 .5  Mev has been 

obtained by Arnold, e t . a l .  , [1962] with a d e t e c t o r  on t h e  Ranger 111 

moon probe. 

-- 
2 He obtains  a l i m i t  of  0.01 photom/cm -see.  

The f l u x  o? y-rays a t  0.5 >lev passing through a sphere of 

radlus r produced by a uniform dens i ty  N i n  which t h e r e  i s  a 

pos i t ron-e lec t ron  r a t i o  i s  Y 

2, 
F = 2/3 r Y N2 n2 r c .  e 

We assure neglectable  absorption of Y-rays. i f  i n  the in'krplaneta-ry 

raedlum N = 500 we nay compute t h e  flux generate6 &de t o  pos i t rons  

ann ih i l a t ing  i n  mat ter  ins ide  a sphere of 1 A . U .  rad ius .  Al te rna te ly ,  

>re m y  use these  assumptions, and t h e  upper l i m i t  of t h e  $ Mev flux, 

t o  put an  independent upper l i m i t  on t h e  pos i t ron  e l ec t ron  r a t i o  

of t h e  in t e rp l ane ta ry  medium. This upper l i m i t  of Y i s  

6 5 X 10- , not  near ly  as low as t h e  one obtained by t h e  d i r e c t  

measurement f o r  t h e  p rec ip i t a t ing  e lec t rons .  
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Admost c e r t a i n l y  t h e  r a t i o  i n  t h e  In te rp lane tary  medium 

nust be c lose r  t o  t h a t  i n  the  Gagnetosphere, and t h e  l i m i t  implied 

by the e x t r a - t e r r e s t r i a l  Y-ray f lux  regarded as an in sens i t i ve  

measurem?nt o f / r a t i o  f o r  planetaLq regions.  
t he  

It i s  d i f f i c u l t  t o  

be l ieve  t h a t  t h e  two m d i a  have s w h  a r a d l c a l l y  d i f f e r e n t  o r i g i n  

t h a t  t h e i r  posi t ron-electron r a t i o  d i f f e r s  by 10 4 . Since these  

plasmas are i n  contact a t  t h e  outer  boundary of t h e  e a r t h ' s  f i e l d ,  

a continuous exchange of p a r t i c l e s  must take  place,  a t  l e a s t  a f t e r  

many s o l a r  and magnetic disturbances.  Hence t h e  t w c  media would 

becone e s s e n t i a l l y  undistinguished, i n  terms of microscopic s t ruc tu re .  

On t h e  o the r  hand, if  indeed the  s o l a r  plasma o l  recent  o r i g i n  had 

a narkedly d i f f e r e n t  r a t i o ,  then by liieasuring t h i s  r a t i o  a t  var ious poin ts  

i n  t h e  s o l a r - T e r r e s t r i a l  corflplex, one could t r a c e  t h e  h i s t o r y  of 

a piece of s o l a r  mat ter  as it propagates t o  t h e  ear th ,  i n t o  t h e  

magnetic f i e l d ,  and f i n a l l y  i s  ca t a s t roph ica l ly  removed of i t s  

pos i t rons  by p r e c i p i t a t i o n  in to  t h e  e a r t h ' s  atmosphere. 

We may a l s o  use t h e  sane idea  to put an upper l i m i t  cn t h e  

r a t i o  i n  t h e  galaxy. Assuming t h e  ea-rth i s  near t h e  edge of a galaxy 
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or' radius  r and thickness  t, sahich has negl ig ib le  absorpt ion a t  
9' 

0.5 Mev, the  f l u  would be 

2 II' we take t = 1021 em, X = 1 atom 

t h e  upper l i m i t  r a t i o  i s  2.5 X lo-'. 

r a t i o  of slow posi t rons t o  e lec t rons  i n  the  galaxy as a whole i s  

somewhat g r e a t e r  than t h a t  present ly  ava i lab le  for t h e s e  p r e c i p i t a t i n g  

from t h e  mgnetosphere.  Or" course t h e  r a t i o  could be much l a r g e r  

i n  accelerated e lec t rons ,  such as those which give t h e  s y x h r o t o n  

r a d i a t i o n  from t h e  galaxy, since these  a n n i h i l a t e  a t  a very low 

r a t e .  If indeed t h e r e  i s  symmetry between the  number of p a r t i c l e s  

.and a n t i - p a r t i c l e s  i n  t h e  universe, it i s  apparent t he  an t i -mat te r  

must be w e l l  i s o l a t e d  from ordinary matter,  and t h a t  it i s  not loca ted  

i n  the  near regions of space with any present ly  de tec ted  densi ty .  

F 5 -01 photon ern -see,  

Thus the  u2per E m i t  of t h e  

Swmary 

From balloon measurements of the  x-ray spectrum t o  600 kev 

during an e l e c t r o n  p r e c i p i t a t i o n  a t  Minneapolis assoc ia ted  wi th  the  

s o l a r  events of t h e  J u l y  1961 s e r i e s ,  t h e  i n t e n s i t y  hear 0.5 MeV, 

and t h e  e l e c t r o n  spectrum have been determined. These allow a 

de tern ina t ion  of t h e  posi t ron-electron r a t i o  of t h e  energe t ic  

e lec t rons  t o  be 4 5 3 X lo-'". 

i i m i t  for t he  r a t i o  of a l l  posi t rons t o  e lec t rons  i n  t h e  magnetosphere 

This m y  be i n t e r p r e t e d  as an upper 





spectrz: a:& -che smll depth of t he  balloon ( l e s s  than one d p .  at 

most energies  beiiig considered). 

If t h e  ec t i r e  a'itenuazion wzrs 6u-e -LG ihe  atzos?here, t h e  

express Ton 



&pth and tl?e energy through t h e  a t t e n t u a t i o n  c o e f f i c i e n t s  of a i r  

and copper. C(h ,E)  i s  given i n  Table I1 f o r  t he  median energies  or" 

each channel. 
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